The paper presents the results of research in the technical diagnostics field. The criterion for assessing the state based on the parameters of the vibroacoustic signal characteristic function was selected and substantiated as a result of the conducted research. The proposed criterion is integral evaluation and makes it possible to form diagnostic signs of rolling bearings faults and failures of components for reciprocating compressors. In this work, the boundary values of the diagnostic signs are investigated on the basis of the values for the area under the curve of the modulus for the vibroacoustic signal characteristic function. The decision-making risk curves are built, the probabilities of missing a fault and a false alarm for selected values of diagnostic signs are calculated. The using of the proposed diagnostic signs in the system of the fault the defining criteria for rolling bearings and piston compressors makes it possible to increase diagnosis reliability.
INTRODUCTION
The development of diagnostics based on the analysis of vibration and acoustic vibrations -vibroacoustic diagnostics (VA), as one of the areas of technical diagnostics of machines and mechanisms, is based on the continuous search and development of new elements for determining the criteria for faults in diagnostic objects. Each element of the criterion should be statistically independent and should define a statistically independent class or subclass of faults or defects. To increase the reliability or validity of the diagnosis, it is very advisable to use such diagnostic features that statistically independently duplicate the assessment of the condition or determination of malfunction, defect. Therefore, research in this area has been and is relevant, which ensures the development of the theory of technical diagnostics and the practice of diagnosis.
The diagnosis of rolling bearings and reciprocating compressors is based on the analysis of VA signals and parameters of their characteristics and, first of all, statistical ones. To analyse the condition of the bearings, the root mean square deviation is most often used (in vibration diagnostics it is called the root mean square value (RMS) [1] [2] [3] [4] [5] of vibration acceleration and vibration velocity, less often, the kurtosis of the probability density of the instantaneous values of vibration acceleration [3, 4] . Known examples of applications for monitoring the condition of bearings of the probability density parameters of the VA signal the distribution [6] . To determine the types of defects and malfunctions of bearings, analysis of the parameters of the envelope of vibration acceleration is most often used [3, 4] .
The basis of piston compressors condition monitoring is measurement and analysis of vibration acceleration, vibration velocity, vibration displacement [7] [8] [9] , peak values of VA oscillations [7] [8] [9] [10] [11] [12] , analysis of VA signal parameters according to the compressor operation cycle [8, 10] . To identify the technical condition of piston engines, more sophisticated methods are also used to analyse the parameters of VA oscillations, based, for example, on the analysis of the main signal components [13] [14] [15] , as well as mutually regression functions, multidimensional spectral and statistical characteristics [16, 17] .
II. PROBLEM STATEMENT
A fundamentally new approach to the formation of criteria for assessing the state of rolling bearings and piston compressors is the use of such a probabilistic characteristic of a random process as the characteristic function (HF) of vibroacoustic oscillations [17] [18] [19] [20] . This approach is proposed by the authors in [21] , and the effectiveness of its application is confirmed by numerous studies [22] [23] [24] .
Earlier, the authors of [21] considered a method for diagnosing technical devices based on a change in the magnitude of the HF vibration module depending on the state change. In these works, it was shown that, due to the properties of probability density, as a probabilistic characteristic of random oscillatory processes, the HF VA signal for a serviceable bearing or reciprocating compressor is more gentler in comparison with the HF vibration graph for an object in a faulty state. Moreover, as an evaluation criterion, one can use XIII International scientific and technical conference "Dynamics of Systems, Mechanisms and Machines" (Dynamics) 5-7 November 2019, Omsk, Russia the value defined as the value of the HF modulus for a given value of the HF parameter [18] [19] [20] [21] .
In [19, 20] , the principles of the formation of boundary values of the HF module for various values of the HF parameter by using probabilistic-statistical decision-making methods are considered. In this case, errors of the first and second kind or risks are minimized when assessing the condition.
An alternative way to assess the state of rolling bearings and reciprocating compressors is to use as a criterion for evaluating the technical condition of an integral parameter a probabilistic process characteristic, such as the area under the curve of the HF VA signal module.
III. THEORY

A. Rationale for Selecting the HF Parameter as a
Condition Criterion It is known from the theory and practice of vibroacoustic diagnostics [22] [23] [24] that VA oscillations of a machine or mechanism have a complex structure due to the presence of a large number of mutually modulated quasi-deterministic and noise-like random power sources of oscillatory processes and, in the general case, can be represented by a normal random process model . For a centered Gaussian random variable, the characteristic function has the form [25] :
where , m/s 2 is the standard deviation of the implementation of the VA process; v, s 2 /m is the HF parameter. Since the processes distributed according to the normal law have an even probability density function, it is sufficient to analyse the values of the HF modulus in the interval from 0 to v for analysis. The area under the curve of the HF module is found from the expression:
After some transformations, an expression is obtained for the area in the interval from 0 to v:
Thus, the area under the HF module curve is inversely proportional to the RMS of the VA signal with a coefficient
Due to the fact that the vibration state of machines and mechanisms deteriorates with an increase in the value of the vibroacoustic oscillations RMS [2, 8] , the expression (3) shows an inverse relationship between the area under the curve of the HF module and the technical condition of the object under control. It should be noted here that in the standard [2] , vibration displacement, vibration velocity and vibration acceleration on bearing housings in the radial direction are taken as the parameters of the VA oscillations. The standard [8] assesses the vibration state of the equipment on the basis of joint measurements of displacement, velocity and acceleration on the bodies of components, compressor mechanisms or compressor housing in the direction of the maximum of the vibration vector.
A significant advantage of the proposed criterion is the fact that when the state of the monitoring object worsens, the area under the curve of the HF module of the VA signal does not tend to infinity like the RMS, but in the limit tends to a value close to zero, which significantly limits the range of normalized values that determine different types vibration conditions of the test object.
B. Selection of Vibroacoustic Signal Parameters
Condition monitoring of the individual components for piston machines, as well as their diagnosis, are usually based on the analysis of the measured signals parameters, which are obtained synchronously with the angle of the shaft rotation [8, 10, 21] .
The idea of diagnosing piston machines is based on a simple regularity of mechanics -in the mechanisms of periodic action, certain processes and interactions of units and parts occur at certain timepoints that are tied to periods of action or the cycle of operation of the machine. The sequence of such interactions and processes is described by means of the cyclogram. In internal combustion engines, just such an approach is used to describe the functioning of the gas distribution mechanism, cylinder combustion processes, processes of fuel feeding in carbureteor and diesel engines.
In piston compressors with self-acting inlet and outlet (pressure) valves, the cyclogram of compressor operation is described with accuracy to units of degrees in the shaft turning angle, and the moment when the piston reaches the top or bottom dead points -with accuracy to a fraction of degrees. Any deviations in the occurrence of processes at such reference points indicate irregularities in the operation of the mechanisms. Vibroacoustic oscillations are also excited at the same time points. Therefore, during condition monitoring and diagnosis, vibration activity of individual units and processes is related to moments and intervals along the shaft rotation angle. Note that valve opening moments are calculated at the compressor design stage and can generally vary during compressor operation and performance control.
Generally, the following symbols and sequences of analysis intervals of the vibroacoustic signal [8, 9, 10, 21, 22] are used: Atd1 and Atd2the moment after and before the upper dead point (top dead center); Abd1 and Abd2before and after the XIII International scientific and technical conference "Dynamics of Systems, Mechanisms and Machines" (Dynamics) 5-7 November 2019, Omsk, Russia bottom dead center; and Apv2 Asv1at the time of opening the 1 st (near to the cover) and 2 nd (near to the crosshead) intake valve (suction valve); Apv1 and I2at the time of opening the 1st (near to the cover) and 2nd (near to the crosshead) injection valves (pressure valve) [21-24. Significant dynamic loads, which appear due to the occurrence of hydraulic shocks in the cavities of the compressor discharge, initiate an increase in the energy of shocks during the interaction of parts in the gaps of the conjugate units of the crank-slide and crank-rod mechanisms. Thus, depending on the location of the gaps strikes occur as soon after the passage of the dead point mechanism (Atd1, Abd2) that is associated with the take-up of clearances in moving assemblies (mounting rod, piston) and before passing through the dead point (Abd1)the take-up clearance in the upper or lower heads of the connecting rod [10, 22] . Hydraulic shock during condensate casting leads to a complex precession of the shaft or sleeve, a reduction of the lubricant layer up to dry friction, which is clearly reflected in the temporary realization of the vibroacoustic signal [7, 10, 12, 13] .
C. The Methodology for Assessing Boundary Values
Probability-statistical methods of decision-making in technical diagnostics [25] [26] [27] allow to solve an important problem by mathematically justified selection of boundary or threshold value x 0 of some parameter x, which is a criterion for assessing the condition or failure. The boundary value is chosen in such a way that when x<x 0 it is necessary to make a decision about the presence of a fault -parameter x belongs to the area of D 2 of faulty states, and when x>x 0 to consider the object healthy, because parameter x is in the area of D 1 of healthy states. This decisive rule can be mathematically formulated as follows:
The ranges of x values usually and most often cross for the healthy (D 1 ) and faulty (D 2 ) states. Therefore, it is fundamentally impossible to choose the value x 0 at which there would be no incorrect decisions. The task is to choose the value x 0 in a certain sense optimal. For example, when choosing a value as the optimality criterion, the minimum probability of an erroneous decision, or the minimum probability of skipping a faulty state at a given probability of a false alarm, or the minimum value of the average risk, is selected. Methods of probabilistic-statistical solutions, such as minimal risk, minimum number of erroneous decisions, minimax, Neumann-Pearson, the greatest likelihood, allow you to choose a decision rule based on similar optimality conditions. Possible errors in decision-making are: false alarm (a Type I error): a serviceable object is recognized as faulty (instead of D 1 it is considered that there is D2), and skipping fault (a Type II error): an object having a fault is considered serviceable (instead of D 2 is D 1 recognized).
Usually the deterioration of the vibration state is characterized by an increase in the values of the vibration parameters [2, 3, 7, 8] . In this case, the distribution of the values of diagnostic signs is such that, as shown by the formula (3), the deterioration is characterized by a decrease in the value of the controlled parameter for the vibroacoustic signal.
For our case the probability of false alarm P FA is equal to the probability of the product of two events: a) availability of serviceable condition, b) x<x 0 values for healthy state. Then the probability of false alarm P FA can be determined as follows:
If as a result of controlling the parameter we have: c) faulty condition, d) the value of x > x 0 for the faulty state, Then the probability of skipping the fault P MF is defined as:
.
Here, f (x/D 1 ) and f (x/D 2 ) are, respectively, probability densities for serviceable and faulty states; D 1 and D 2 diagnoses correspond to serviceable and faulty conditions of the object; P 1 = P(D 1 ) and P 2 = P(D 2 ) are a priori probabilities of D 1 and D 2 diagnoses, respectively, which are considered to be known on the basis of preliminary statistical data: in this case, these are probabilities of serviceable and faulty conditions in the presence of a feature x of a given value [21, 26] ; F (x 0 /D 1 ) is the probability of working order on an interval from x 0 to ∞; F (x 0 /D 2 )the probability of failure condition on an interval from -∞ to x 0 .
The probability of making an erroneous decision is the sum of the probabilities of false alarm and skipping the faulty state:
where C 21 is the price of false alarm; C 12skipping the fault price (first indexthe loaded condition, secondvalid), usually C 12 >> C 21 .
The minimax method is used in a situation where preliminary statistics on the probability of D 1 and D 2 diagnoses are not available. The "worst case" is considered, i.e. least XIII International scientific and technical conference "Dynamics of Systems, Mechanisms and Machines" (Dynamics) 5-7 November 2019, Omsk, Russia favorable values of P 1 and P 2 , (with P 2 = 1-P 1 ,) resulting in minimization of maximum risk [25] [26] [27] .
The Neiman-Pearson method usually minimizes the probability of skipping a faulty state at a given permissible false alarm probability level [25] [26] [27] .
IV. EXPERIMENTAL RESULT
The object of research was vibroacoustic signals received from vibration sensors, which were installed on the measuring locations for piston compressors compressing hydrogencontaining gas at one of the Russian oil refineries. During a certain period of time, which included the interval at which malfunctions occurred and maintenance or repair of machines and their components was carried out, condensate was thrown into the discharge cavity. The curves of HF modulus obtained for each signal realization showed that the character of HF varies widely (Fig. 1 ). In this case, most of the curves of the HF modulus is located in the region of small (less than 0.4) values of the parameter HF v, which indicates the "wide" curves of the probability density function. Consequently, most of the signals have significant peak values and have significant values of mean square deviation. Statistical analysis of the signals showed that the peak values for the different signals Atd1 interval varied from 6 to 20 m/s 2 on the interval Atd2 -9 to 23 m/s 2 , Abd1from 6 to 23 m/s 2 , Abd2from 5 to 28 m/s 2 . The obtained data indicate that the maximum values reach and exceed the level of requires action state [8] .
The experience of previous studies [18] [19] [20] [21] allows us to conclude that the signals belong to three groups of states: unacceptable (UAS), requires action (RAS), acceptable (AS) [2, 8] . For each interval Atd1 and Atd2, Abd1 and Abd2, histograms of the distribution of HF S area values were constructed, the analysis of which allowed us to distinguish three groups of states (UAS, RAS, AS) for all measuring locations. As an example, a histogram is presented, which is plotted according to the data of all intervals Atd1, Atd2, Abd1, Abd2 (Fig. 2) . Using the data for the Abd2 interval as an example, approximated functions of the probability density of the HF S  area values are shown (Fig. 3) . From the graphs it can be seen that three modes are distinguished that correspond to the states of the UAS, RAS and AS.
Using the Neumann-Pearson method, the risk functions of erroneous decision-making in determining the UAS and RAS states (R H curve) and the RAS and AS states (R T curve) are calculated. These curves are obtained at setting a priori probability of faulty state equal to 0.03 and redundancy coefficient equal to 1 [21, 26] . For the given a priori data, using as a criterion of selection of the boundary value separating the state of the object of control, the minimum value of the risk of skipping the fault at the specified value of false alarm, the boundary values of the criterion of state assessment are determined (see Table 1 ). An analysis of the approximated probability density functions for all intervals Atd1, Atd2, Abd1, Abd2 (Fig. 4) indicates the presence of three explicit groups of values for the evaluation criteria that correspond to the states of AS, RAS and UAS.
Using the minimax method by analyzing the likelihood ratio and minimizing the maximum risk, the values of P 1 and P 2 are refined. Then, according to (7) , risk curves (R H and R T ) were constructed and local minima of the average risk of making an erroneous decision were determined. An example of a graph of the average risk RH for determining the state between UAS and RAS is shown in Fig. 4 . The risk decisionmaking R T curve is also shown there when choosing the conditions between AS and RAS. On the graphs, one can distinguish local minima of functions that will correspond to the minima of the probabilities and risks of making erroneous decisions. The S  values corresponding to the minimums of the risk functions are boundary values that separate the RAS and UAS or the AS and RAS (see Table 1 ). It is interesting to analyse the calculations for all data of the values of the HF area S  for all intervals (Atd1, Atd2, Abd1, Abd2), since these data allow to estimate the possibility of using uniform thresholds for all intervals.
V. DISCUSSION OF RESULTS
The calculations made it possible to determine the boundary values of the signs for all intervals Atd1, Atd2, Abd1, Abd2 by the minimax and Neumann-Pearson methods (see Table 1 ). Values of signs share the state of the control object [20, 21] . In this case, the probabilities of false alarm and skipping fault of a given state were evaluated, as well as the risks of making decisions. Given that the quantitative assessment of risks is connected with the essence of the object of control and actually depends on the repair cost and the losses cost from its underutilization, in this case, the cost of false alarm C 21 and skipping fault C 12 are conditionally equal to one and the risk value is numerically changed from zero to one.
Using the minimax method, the a priori probabilities of diagnoses in the RAS (P 1 ) and UAS (P 2 ) state or the AS (P 1 ) and RAS (P 2 ) diagnoses are specified in the calculation process so that, with the least favorable values of P 1 , the losses associated with erroneous decisions, would be minimal. In the calculations by the Neumann-Pearson method, the a priori probabilities are taken equal to P 1 = 0.97 and P 2 = 0.03, and the specified permissible value of the probability of false alarm was taken less than P 2 .
Statistical processing of the obtained data (see Table 2 ) revealed that the values of the boundary value of RAS-UAS states obtained using the minimax method have a deviation from the average values of 7.4 and -8.6%, and calculated by the Neumann-Pearson method: 9.1 and -9.8%. Deviation of the average value of the boundary value of RAS-UAS states obtained by both methods is 12.5 and -11.4% .   TABLE II. ANALYSIS RESULTS OF HF AREA BOUNDARY VALUES
Interval
Minimax + Neiman-Pearson
Minimax Neiman-Pearson Taking into account features of technological process of compressing hydrogen-containing gas, for example, in gasoline and diesel fuel hydrotreatment plants, such difference of the boundary values of the characteristic is acceptable since the compression process can have significant deviations due to the appearance of a product is a "wet gas" condensate.
RAS-UAS
AS-RAS
RAS-UAS
AS-RAS
RAS-UAS
AS-RAS
The values of the boundary sign separating the RAS and AS for the set of all data differ by little more than 20%. Considering that in GOST R 56233 [8] boundary values of vibration acceleration quantiles at intervals Atd1, Atd2, Abd1 Abd2 for one type size of machines, separating the states of RAS and AS, differ by 15... 20% (depending on the type size of the machine), the obtained data allow to set a single value of the boundary value of the sign S  for all intervals of boundary values of the signs.
VI. CONCLUSION
The studies carried out allowed to obtain the following results:  decision-making risk curves were constructed, the probabilities of skipping a fault and a false alarm were calculated for the selected values of the diagnostic signs;
 the boundary value can have one value of the area for separation of such states of the piston compressor as "Requires action" and "Unacceptable", and "Acceptable" and "Requires action" for all intervals Atd1, Atd2, Abd1, Abd2 of the same size machines;
 -an estimate of the probabilities of skipping a fault and a false alarm obtained by the minimax method and the Neumann-Pearson method, the risk of making an erroneous decision does not exceed units of 10 -3 ;
 use of the proposed signs makes it possible to increase reliability of state control and diagnostics of technical devices since another criterion of state is proposed on the basis of statistical characteristic of vibroacoustic signal.
